Leiomyoma and leiomyosarcoma share morphological features and smooth muscle differentiation, and both arise most frequently within the uterine corpus of middle-aged women. However, they are considered biologically unrelated tumors due to their disparate clinical, cytogenetic, and molecular features. MED12, the mediator complex subunit 12 gene, has been recently implicated as an oncogene in as many as 70% of sporadic uterine leiomyoma. In the present study, we show MED12 hotspot exon 2 mutations in extrauterine leiomyoma (3 of 19 cases) and in leiomyosarcoma (3 of 13 uterine cases). We also show that MED12 mutations are found in both primary and metastatic leiomyosarcoma. Immunoblotting studies demonstrated MED12 protein expression in 100% of leiomyomas (13) Keywords: fibroid; leiomyoma; leiomyosarcoma; MED12; oncogene; smooth muscle tumor; uterus Seventy percent of women in the general population develop uterine leiomyomas, 1 and B25% of women experience substantial symptoms from these tumors, leading to over 200 000 hysterectomies annually in the United States. 1 By contrast, uterine leiomyosarcomas are infrequent, with an estimated incidence of 0.64 per 100 000 women. Nonetheless, uterine leiomyosarcomas are among the most common sarcomas, accounting for 2-5% of tumors of the uterine body. [2] [3] [4] There is substantial morphological overlap between leiomyoma and low-grade spindle cell leiomyosarcoma, and diagnostic distinction between these entities relies on histopathological criteria, including nuclear atypia, mitotic activity, and tumor cell necrosis. 5 Morphological variants and unusual features can further complicate the diagnosis between leiomyoma versus leiomyosarcoma, as in smooth muscle tumors of uncertain malignant potential that cannot be unequivocally classified as benign or malignant. 6 Recently, somatic mutations affecting MED12 (the mediator complex subunit 12 gene) were discovered in B70% of sporadic uterine leiomyoma. 7, 8 Mediator is a modular protein complex of 25 subunits that regulates RNA polymerase II-mediated transcription, thereby orchestrating cell development and survival in cooperation with CDK8. 9,10 MED12 is located on chromosome sub-band Xq13.1 and is composed of 45 exons, although all MED12 mutations thus far described in uterine leiomyoma have affected exon 2 exclusively, with mutation hotspots in codons 36-44.
Seventy percent of women in the general population develop uterine leiomyomas, 1 and B25% of women experience substantial symptoms from these tumors, leading to over 200 000 hysterectomies annually in the United States. 1 By contrast, uterine leiomyosarcomas are infrequent, with an estimated incidence of 0.64 per 100 000 women. Nonetheless, uterine leiomyosarcomas are among the most common sarcomas, accounting for 2-5% of tumors of the uterine body. [2] [3] [4] There is substantial morphological overlap between leiomyoma and low-grade spindle cell leiomyosarcoma, and diagnostic distinction between these entities relies on histopathological criteria, including nuclear atypia, mitotic activity, and tumor cell necrosis. 5 Morphological variants and unusual features can further complicate the diagnosis between leiomyoma versus leiomyosarcoma, as in smooth muscle tumors of uncertain malignant potential that cannot be unequivocally classified as benign or malignant. 6 Recently, somatic mutations affecting MED12 (the mediator complex subunit 12 gene) were discovered in B70% of sporadic uterine leiomyoma. 7, 8 Mediator is a modular protein complex of 25 subunits that regulates RNA polymerase II-mediated transcription, thereby orchestrating cell development and survival in cooperation with CDK8. 9, 10 MED12 is located on chromosome sub-band Xq13.1 and is composed of 45 exons, although all MED12 mutations thus far described in uterine leiomyoma have affected exon 2 exclusively, with mutation hotspots in codons 36-44.
In the present study, we analyzed leiomyomas and leiomyosarcomas of various biological behaviors and anatomical locations to better determine the relevance of MED12 exon 2 mutations across a broad spectrum of smooth muscle neoplasia. In these studies, we also determined whether MED12 expression is dysregulated in smooth muscle neoplasia compared with a normal myometrium control. These studies demonstrate that MED12 mutations are the first known oncogenic mechanism shared by uterine and extrauterine leiomyoma and uterine leiomyosarcoma.
Materials and methods

Tumor Samples
Thirty-two leiomyomas and 27 leiomyosarcomas were analyzed from 51 patients, including 37 females and 14 males (Table 1) . The leiomyomas were uterine (13) or extrauterine (soft tissue ¼ 4; esophagus ¼ 3; pelvis ¼ 2; stomach ¼ 2; retroperitoneum ¼ 2; and ovary, lung, kidney, bladder, urethra, and epididymis ¼ 1 each). The leiomyosarcomas included primaries of uterine (4) and extrauterine (6) locations and metastases from uterus (11) or extrauterine primaries (7) . Histopathological and immunophenotypical features were reviewed by two experienced surgical pathologists. The tumor arising within the kidney was diagnosed as leiomyoma based on morphological features, negative HMB45 and S100 immunohistochemistry, and strong desmin expression. Immortal cell lines were established from three leiomyosarcoma biopsies: LMS03 was from a metastatic diaphragmatic nodule in a patient with primary thigh leiomyosarcoma; LMS04 was from a metastatic retroperitoneal lesion in a patient with primary uterine leiomyosarcoma; and LMS05 was from a primary thigh leiomyosarcoma. The SK-LMS-1 leiomyosarcoma cell line, from a primary vulvar leiomyosarcoma, was obtained from ATCC. The study was approved by the Institutional Review Board at Brigham and Women's Hospital.
Sequencing
DNA was extracted from cell lines and fresh frozen tissue samples using a QIAamp DNA Mini Kit (Qiagen) according to the manufacturer's instructions. PCR was performed with PCR SuperMix (Invitrogen, 11306), as follows: 1 cycle at 94 1C for 2 min followed by 35 cycles of 94 1C for 0.5 min, 60 1C for 0.5 min, 72 1C for 0.5 min, and a final extension at 72 1C for 5 min. Primers flanking MED12 exon 2 were from Makinen et al.: 7 F: GCCCTTTCACCTTGTTCCTT, R: TGTCCCTATAAG TCTTCCCAACC. PCR products were evaluated by ethidium bromide staining on a 1% agarose gel alongside 1 Kb Plus DNA Ladder (Invitrogen). The PCR products were purified using QIAquick PCR Purification Kit (Qiagen), and Sanger sequenced. NM_005120.2 from NCBI was used as reference sequence.
Western Blotting Analysis
MED12 protein expression was analyzed in 37 tumors: 11 uterine leiomyomas, 2 extrauterine leiomyomas, 11 uterine leiomyosarcomas (4 primary, 7 metastatic), and 8 extrauterine leiomyosarcomas (3 primary and 5 metastatic). Frozen tumor samples were diced in ice-cold lysis buffer containing protease inhibitors (10 mg/ml aprotinin, 10 mg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride), homogenized using a Tissue Tearor (Biospec Products, USA), and immunoblotted. Total protein lysate from non-neoplastic myometrium was positive control for MED12 expression; total protein lysate from GIST882 cells was used as exposure control. Uniform protein transfer was demonstrated by Ponceau S staining (Sigma Chemical), and immunostains were performed for MED12 (A300-774A, Bethyl Labs), mTOR (2972, Cell Signaling)-serving as a control at molecular mass similar to MED12-and GAPDH (G8795, Sigma). Detection was by chemiluminescence (Immobilon Western, Millipore), and signals were captured and quantified using a FUJI LAS1000plus system with Science 
Results
MED12 mutations were demonstrated in 12 of 32 leiomyomas (37%), of which 9 were uterine and 3 were extrauterine (1 each from ovary, kidney, and retroperitoneum) ( Table 1 , Figures 1 and 2 ). In addition, MED12 mutations were demonstrated in 3 of 27 leiomyosarcomas (11%), all of uterine origin, one being a uterine primary, whereas the others were metastases from uterine primaries (Figures 1 and 2) . One of the MED12-mutant leiomyosarcomas was analyzed as successive metastases, both of which contained the MED12 mutation (cases 41 and 42). None of the four leiomyosarcoma cell lines harbored MED12 mutations. None of the 10 extrauterine leiomyosarcomas had MED12 exon 2 mutations.
The 15 MED12 mutations affected either codon 44 (c.130-132) or, less frequently, codon 36 (c.106-108; Table 1 ). Ten tumors had missense point mutations, five had in-frame deletions, and one had a 39-nucleotide duplication at the intron 1-exon 2 boundary, predicted to create a 13 amino-acid insertion after codon 34 (Table 1 ). All mutations preserved the MED12 open reading frame.
MED12 protein was expressed in all leiomyomas and leiomyosarcomas, irrespective of whether they were mutant or wild type for MED12 exon 2. Leiomyoma and leiomyosarcoma MED12 expression levels ranged from 0.3-to 2.0-fold and from 0.4-to 2.7-fold, respectively, of those in normal myometrium (Supplementary Figure S1) . The variations in MED12 expression levels within these narrow ranges did not correlate with MED12 mutation status, tumor location (uterine versus extrauterine), or tumor type (leiomyoma versus leiomyosarcoma).
Discussion
Initial reports highlighted the remarkable frequency of MED12 exon 2 mutations in uterine leiomyoma; 7, 8, 11 and similar mutations were reported recently in 2 of 15 uterine leiomyosarcomas but not in 38 extrauterine leiomyosarcomas. 12, 13 Likewise, we find MED12 mutations in 3 of 15 uterine leiomyosarcomas, including two tumors metastatic from uterine primaries, but not in 14 extrauterine leiomyosarcomas. All the mutant cases in our series affected females, consistent with a higher frequency of MED12 exon 2 mutations in uterine tumors. In all, we evaluated the MED12 exon 2 hotspot mutation region in 59 smooth muscle tumors, inclusive of both uterine and extrauterine leiomyomas and leiomyosarcomas. Notably, we identify MED12 mutations-for the first time-in extrauterine leiomyomas, where mutations were found in 3 of 19 cases (one each from ovary, kidney, and retroperitoneum). These advances show that MED12 oncogenic mutation is relevant across a broad spectrum of smooth muscle neoplasia and confirm that MED12 dysregulation provides an opportunity for evaluating oncogenic mechanisms shared by leiomyoma and leiomyosarcoma.
MED12 biological roles have not been characterized in leiomyoma and leiomyosarcoma, but none of the MED12 exon 2 mutations reported to date are destructive of the open reading frame, and many are missense mutations clustering to codons 36 and 44. This mutation profile is typical of an oncogene and indeed would be unprecedented in a classical tumor suppressor-wherein one would expect nonsense and frame-shift mutations, and less clustering to hotspots. Therefore, recent (non-quantitative) PCR and immunohistochemical evidence, showing downregulation of MED12 expression in leiomyosarcoma, is surprising. 13 However, using quantitative assessment of MED12 proteins by immunoblotting, we demonstrate that both native and mutant MED12 expression levels are comparable, in leiomyoma and leiomyosarcoma, with normal MED12 expression levels in myometrium (Figure 3) . Distinction between oncogenic and tumor suppressor roles could be relevant therapeutically, given that MED12 is necessary for CDK8 activation, 14 and therefore MED12 gain-of-function oncogenic mutations could potentially be countered by CDK8 inhibitors. Despite the prevalence of leiomyoma, there are few effective medical therapies and hysterectomy remains a frequent treatment strategy, with considerable morbidities. 15 Likewise, there exist no highly effective targeted therapies for leiomyosarcoma, which is an aggressive and often lethal sarcoma.
Despite the histological and immunophenotypical commonalities between leiomyoma and leiomyosarcoma, it is striking that the tumorigenic mutation mechanisms reported previously in leiomyoma are neither found generally in leiomyosarcoma nor are typical leiomyosarcoma mutations found in leiomyoma (Figure 4) . Cytogenetic and molecular studies show distinct non-overlapping genetic pathways for leiomyoma and leiomyosarcoma, 16 and malignant progression from leiomyoma to leiomyosarcoma is exceedingly rare, suggesting that leiomyoma is not on a biological continuum, oncogenically, with leiomyosarcoma. Leiomyomas typically have normal or noncomplex karyotypes in the diploid range, with highly recurrent clonal aberrations that include 7q deletion and HMGA2-region rearrangement. 1 By contrast, most leiomyosarcomas are aneuploid with complex numerical and structural chromosomal aberrations and with substantial cytogenetic heterogeneity within and between cases. Molecular genetic studies also demonstrate divergent tumorigenic mechanisms in leiomyoma versus leiomyosarcoma (Figure 4 ). Recurrent oncogenic events in leiomyoma, beyond the above-mentioned rearrangements of high-mobility group genes HMGA2 and HMGA1, include fumarate hydratase gene (FH) mutations in syndromic leiomyomatosis 17 and COL4A6 deletion in a variant of Alport syndrome with esophageal and vulvar leiomyomatosis (OMIM 308940). None of these genes has convincing tumorigenic roles in leiomyosarcoma, and the tumor genes implicated thus far in leiomyosarcoma, including TP53, MDM2, CDKN2A, RB1, and JUN, are ubiquitous oncogenes and tumor suppressors in human cancers rather than being specific for smooth muscle neoplasia. 18 Nonetheless, occasional cases of leiomyosarcoma are reported to arise from leiomyoma, [19] [20] [21] [22] and the possibility of biological continuum between certain leiomyoma and leiomyosarcoma is suggested by existence of histologically and clinically intermediate lesions-including cellular leiomyoma, atypical leiomyoma, leiomyoma with increased mitotic activity, STUMP, intravascular leiomyomatosis, and benign metastasizing leiomyoma. These observations suggest that certain uncommon leiomyoma subtypes have potential for progression to bona-fide leiomyosarcoma. The higher-risk leiomyoma subtypes include those with variant histologies and with certain genomic alterations such as translocation t(10;17) or 1p deletion. 23, 24 Against this somewhat controversial backdrop, the present MED12 findings provide the first compelling oncogenic link between leiomyoma and leiomyosarcoma, even if this evidence does not prove that leiomyoma can progress to leiomyosarcoma.
In addition to the emerging role of exon 2 mutations in smooth muscle tumors, other MED12 mutations have been implicated in human disease. Germline mutations affecting MED12 exons 21 and 22-which encode a leucine-and serine-rich domain-cause the X-linked recessive hereditary syndromes Opitz-Kaveggia (OMIM 305450) and Lujan-Fryns (OMIM 309520). [25] [26] [27] These disorders are characterized by overlapping phenotypes, including mental retardation and dysmorphic features, but are not associated with tumor predisposition; 28 however, missense mutations of the same MED12 leucine-and serine-rich domain are found in 5% of prostate adenocarcinomas. 29 The different MED12 mutation hotspots in smooth muscle neoplasia versus prostate cancer are consistent with multifaceted MED12 roles in various cell lineages and with the complex biology of the Mediator complex. Nonetheless, the possibility of MED12 mutations outside of exon 2 have not been evaluated to date, and additional studies are warranted to assess MED12 genomic and functional integrity, more comprehensively, in leiomyosarcoma.
In summary, MED12 exon 2 mutations are frequent oncogenic mechanisms in uterine leiomyoma and, albeit less frequently, in extrauterine leiomyoma and uterine leiomyosarcoma. MED12 mutation is the first recurrent oncogenic mechanism demonstrated in both benign and malignant smooth muscle tumors, and hence appears to have general relevance in neoplasms with smooth muscle differentiation, irrespective of histological grade. Further studies should enable characterization of the biological MED12 mutations in smooth muscle tumors roles of MED12 oncoprotein and determine whether MED12-mediated oncogenic consequences can be inhibited therapeutically.
